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Depending on the growth conditions, FePd thin films can display a perpendicular magnetic
anisotropy associated with chemical order. In competition with the shape anisotropy, this can lead
to striped magnetic domains, with moments perpendicular to the film plane. Under these
circumstances, magnetic flux closure should occur. The striped domains were studied with soft x-ray
resonant magnetic scattering using circularly polarized light to demonstrate the presence of closure
domains. Magnetic depth profiling was performed both at the Fe and Pd L3 edge, by measuring the
magnetic diffraction peak intensities versus angle of incidence u . © 2000 American Institute of
Physics. @S0021-8979~00!65408-7#Resonant x-ray magnetic scattering makes use of the
strong cross-section enhancement of the ~otherwise very
weak! magnetic scattering that occurs when the incident
x-ray energy is tuned across a core-level absorption edge.1
This technique can be used to study periodic magnetic struc-
tures, provided that their dimensions are in the order of the
x-ray wavelength. We report on various ways for obtaining
magnetic depth profiles from thin film samples using soft
x-ray magnetic scattering ~SOXMAS!.
In the work described here FePd thin films with perpen-
dicular magnetic anisotropy ~PMA! were studied using SOX-
MAS at both the Fe and Pd L3 edges at 709 and 3174 eV,
respectively. The films were grown by co-depositing Fe and
Pd onto a Pd buffer layer on an MgO substrate. Depending
on the growth temperature, the resulting films are more or
less chemically ordered,2 with a PMA proportional to the
degree of chemical order. In samples with moderate anisot-
ropy ~Q5Ku/2pM s2;0.8, where Ku is the perpendicular
anisotropy constant and M s the saturation magnetization per
volume unit!3 the competition between PMA and shape an-
isotropy leads to the spontaneous formation of striped do-
mains with a magnetization profile ↑↓↑↓↑ perpendicular to
the film plane. This magnetic structure is characterized by
magnetic flux lines partially outside the sample. Under these
conditions, internal flux line closure is expected to occur
with closure domains at the sample surface.4 The resulting
magnetization profile should therefore be chiral, i.e., ↑→↓
←↑→↓← . We will describe a method of detecting such
chiral structures which makes use of the magnetic x-ray cir-
cular dichroism effect ~i.e., the difference in the scattering
amplitude between left and right circularly polarized light! in
the diffraction pattern.
The experiments were conducted at the European Syn-
chrotron Radiation Facility in Grenoble on stations ID12B
and ID12A, using both linearly and circularly polarized light.
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throughout. Experiments were done in two geometries: in
geometry A, the striped domains were aligned perpendicu-
larly to the scattering plane, and the detector was mounted on
the exit arm of the diffractometer. In this geometry, ‘‘con-
ventional’’ u22u reflectivity curves could be obtained, as
well as rocking scans where the detector was kept at a fixed
angle while the angle of incidence u on the sample was
varied. In geometry B, the striped domains were parallel to
the scattering planes, and the detector was mounted on a
motorized arm which could be scanned perpendicularly
across the scattering plane. This arm also allowed a restricted
range of movement for the 2u exit angle, so that a series of
transverse scans could be measured for a range of angles of
incidence, u .
Figure 1 shows diffraction scans taken at the Fe L3 edge
in geometries A and B. In both cases the scans show satel-
lites around the central specular peak. These satellite peaks
occur at multiples of 0.007 Å21 in the momentum transfer,
which corresponds to a real space periodicity of 910 Å, in
very good agreement with the striped domain period deter-
mined by magnetic force microscopy ~MFM!. These satellite
peaks can therefore be ascribed purely to the magnetic struc-
ture, so that they can be used to obtain detailed information
about the magnetic properties of the sample.
The scans shown in Fig. 1 were measured with both left
and right circularly polarized light. In geometry A there is no
difference in the scattering for both polarizations, while ge-
ometry B clearly shows circular dichroism, with an opposite
sign on either side of the specular peak. This can be under-
stood in terms of the selection rules for light polarized par-
allel (p-polarization! or perpendicularly (s-polarization! to
the scattering plane, using the fact that the unit vectors of the
incoming and outgoing light polarization and the magnetiza-
tion should result in a nonvanishing product (eˆ out3eˆ in)Mˆ .
When the striped domains are parallel to the scattering
planes, the closure domain magnetization is perpendicular to
the scattering plane, while the PMA domain magnetization9 © 2000 American Institute of Physics
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the p-polarized scattered light, one from the p→p scatter-
ing by the closure domains, the other from s→p scattering
by the PMA domains. Since the closure domains are offset
relative to the PMA domains, the two p components have a
relative phase difference of 90°. This phase difference mani-
fests itself when circularly polarized light is used, because
the 690° phase difference between the s and the p compo-
nent of the circularly polarized light is added to the 90°
phase shift caused by the scattering from the ordered PMA
and closure domains, leading to a total phase shift of 6180°,
and thus to constructive and destructive interference. In ge-
ometry A, on the other hand, both PMA and closure domain
magnetization lie in the scattering plane, so that no p→p
scattering occurs. The presence of circular dichroism in ge-
FIG. 1. Magnetic satellite peaks observed around the specular peak in scat-
tering geometries A ~top! and B ~bottom! at 709 eV photon energy, with left
~dotted line! and right ~solid line! circularly polarized light. X-ray circular
dichroism only occurs in geometry B. The coordinate system shown here is
used throughout the article.
FIG. 2. Asymmetry ratio (I12I2)/(I11I2) of the dichroism signal plotted
against angle of incidence, u . This information can be used to obtain a
perpendicular magnetic profile of the sample. Dotted and solid lines are fits
to a theoretical model.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toometry B clearly evidences the presence of a chiral domain
structure.
Figure 2 shows the variation of the asymmetry ratio
(I12I2)/(I11I2) of the circular dichroism signal with the
angle of incidence u . This dependence allows us to model
the depth profile of the magnetization. This depth profile was
approximated by assuming a surface layer with both PMA
and closure domains, and a bulk layer containing only PMA
domains;5 the periodic magnetization was modeled using the
first two terms of a Fourier series. The polarization depen-
dent resonant magnetic scattering cross sections were taken
from literature.6 In this way it was possible to determine the
depth of the closure domains. The fits shown in Fig. 2 cor-
respond to an effective depth of 125 Å in a 420-Å-thick FePd
film.
At the Pd L3 edge, the size of the magnetic scattering
amplitude is much smaller than at the Fe L3 edge, because
the Pd magnetic moment ~0.65 mB) is less than a third of the
Fe moment ~2.2 mB),7 which reduces the magnetic scattering
signal by a factor of 10 relative to the charge scattering.
Figure 3 shows a rocking scan taken in geometry A at 3174
eV. The two magnetic satellite peaks are visible, but much
weaker in comparison to the specular intensity than at the Fe
edge.
Magnetic depth profiles can also be obtained in geom-
etry A, by measuring the intensity of the magnetic satellite
peaks as a function of u . At the Fe edge such magnetic
diffraction rod scans were performed by scanning both
sample angle u and detector angle 2u simultaneously, so that
FIG. 3. Magnetic satellite peaks observed around the specular peak in ge-
ometry A at the Pd L3 edge.
FIG. 4. Rod scan of the magnetic satellite peak taken at the Fe L3 edge,
obtained with fixed momentum transfer qx50.007 Å21. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The resulting scan is shown in Fig. 4. At the Pd edge, rod
scans had to be measured by rocking u across the magnetic
peak for a series of exit angles 2u . The diffuse background
was then subtracted and the peak intensity integrated.
Figure 5 shows both a magnetic rod scan taken at the Pd
L3 edge and a ~nonmagnetic! specular reflectivity scan.
While the Fe magnetic rod scan shows only a broad intensity
FIG. 5. Rod scans of the magnetic satellite peak at qx50.0069 Å21 ~a!, and
of the specular reflectivity ~b!. The insets show the Fourier transform of the
rod data.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject tochange with qz , periodic intensity modulations can be seen
in the two Pd edge scans. The insets in Fig. 5 show the
Fourier transforms of the two rod scans. The specular reflec-
tivity has two main Fourier components with real space pe-
riods of 1020 and 420 Å, while the magnetic rod scan has
only a single component at a real space period of 420 Å. The
420 Å period corresponds to the thickness of the magnetic
FePd layer, while the longer 1020 Å period in the specular
data corresponds to the combined thickness of the Pd cap-
ping, FePd and Pd buffer layers. While the specular reflec-
tivity shows Kiessig fringes from both the combined and the
FePd film thickness, the magnetic rod scan shows purely
magnetic Kiessig fringes caused by the interference of the
reflections from the top and bottom of the FePd magnetic
layer. Although the sampling period of the magnetic rod data
is actually too low to allow the detection of high frequency
components, the 420 Å Kiessig fringes clearly dominate the
scan. The lack of fringes in the Fe edge rod scan ~Fig. 4!, on
the other hand, is linked to the comparatively small penetra-
tion depth of the 709 eV x rays, which means that there is
virtually no reflectivity from below a few hundred Å deep. It
is possible to model the magnetic rod scans in a similar way
as in the model presented by Du¨rr et al.5, leading to a precise
description of the magnetic domain structure in the FePd thin
films.
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